The lipoprotein Lp(a), a major inherited risk factor for atherosclerosis, consists of a low density lipoproteinlike particle containing apolipoprotein B-100 plus the distinguishing component apolipoprotein(a) (apo(a)). Human apo(a) contains highly repeated domains related to plasminogen kringle four plus single kringle five and protease-like domains. Apo(a) is virtually confined to primates, and the gene may have arisen during primate evolution. One exception is the occurrence of an Lp(a)-like particle in the hedgehog. Cloning of the hedgehog apo(a)-like gene shows that it is distinctive in form and evolutionary history from human apo(a), but that it has acquired several common features. It appears that the primate and hedgehog apo(a) genes evolved independently by duplication and modification of different domains of the plasminogen gene, providing a novel type of "convergent" molecular evolution.
The lipoprotein Lp(a), a major inherited risk factor for atherosclerosis, consists of a low density lipoproteinlike particle containing apolipoprotein B-100 plus the distinguishing component apolipoprotein(a) (apo(a)). Human apo(a) contains highly repeated domains related to plasminogen kringle four plus single kringle five and protease-like domains. Apo(a) is virtually confined to primates, and the gene may have arisen during primate evolution. One exception is the occurrence of an Lp(a)-like particle in the hedgehog. Cloning of the hedgehog apo(a)-like gene shows that it is distinctive in form and evolutionary history from human apo(a), but that it has acquired several common features. It appears that the primate and hedgehog apo(a) genes evolved independently by duplication and modification of different domains of the plasminogen gene, providing a novel type of "convergent" molecular evolution.
The lipoprotein Lp(a) 1 has gained increasing attention due to its role as a novel major risk factor for atherosclerosis and for the unusual nature of its distinguishing protein component, apolipoprotein(a) (apo(a)) (see Ref. 1 and references therein). DNA cloning and sequencing revealed the unexpected homology of apo(a) to plasminogen and the presence of 37 domains that are most closely related to the fourth kringle of plasminogen (2) . It has since been found that individual alleles contain from ϳ12 to 40 similar or identical kringles, encoding proteins that range in apparent molecular mass fromϳ 250,000 to 800,000 (3) . The apo(a) gene likely arose from a duplicated version of the plasminogen gene followed by exon deletions, multiplications, and single base substitutions (2) .
Although its precise function remains unclear, Lp(a) is concentrated in the artery wall by virtue of binding to fibrin, plasminogen receptors, matrix, and other targets (4 -7). As an inactive homolog of plasminogen, apo(a) competes for the binding and activation of plasminogen and interferes with clot lysis (for reviews, see Refs. 8 -11) . It has been speculated that a selective advantage of apo(a) may be its ability to deliver cholesterol to wound sites for cell biosynthesis (12) . These properties becomes pathogenic in the face of elevated plasma concentration, exposure to high fat diet, and increased life span. For example, the inhibition of plasminogen activation and the prolonged presence of thrombus on the vessel wall may promote the growth and migration of smooth muscle cells and the development of atherosclerotic lesions through several intermediate pathways (13) (14) (15) .
Of evolutionary as well as practical interest is the observation that the existence of the Lp(a) particle and the apo(a) protein are restricted to Old World monkeys, apes, and humans (16 -20) , with one intriguing exception: the insectivore, hedgehog (21) . Although some members (e.g. tree shrews and elephant shrews) of the original order Insectivora have now been reclassified, hedgehogs are still considered to be "primitive" extant mammals whose ancestors diverged from other orders of placental mammals about 90 million years ago (22) (23) . The analysis of mammalian hemoglobin sequences (24) , and our phylogenetic tree based on plasminogen sequences (see Fig. 5A ) support the anatomical classification and clearly place hedgehogs on the most distant mammalian branch, far removed from primates. Although it is difficult to document unpublished negative findings, we know of no other nonprimate in which the presence of Lp(a) has been unequivocally demonstrated. 2 While confinement of apo(a) to a subset of primates is consistent with the recent advent of the apo(a) gene, its existence in hedgehogs would require other evolutionary scenarios. Perhaps the apo(a) gene arose before the major divergence of mammalian orders, became disabled in most mammalian species, and retained exceptional sequence similarity to the plasminogen gene in primates through extreme functional constraints and gene conversion (some domains of the two human genes are virtually identical; Ref. 2). Alternatively, apo(a)-like genes might have arisen more than once during mammalian evolution. To evaluate these possibilities, we have isolated and sequenced cDNA and genomic clones of hedgehog apo(a) and plasminogen. The * This work was supported by the National Institutes of Health (NIH) Program Project Grant HL-48638, Pfizer, Inc., and postdoctoral fellowship grants from the Peel Medical Trust/Park Davis, NIH, Fogarty International Center American Heart Association (California Affiliate), and the Stanley J. Sarnoff Endowment for Cardiovascular Science. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The 1 The abbreviations used are: Lp(a), lipoprotein(a); apo, apolipoprotein; HPLC, high pressure liquid chromatography; kb, kilobase pair(s). 2 It was proposed that guinea pigs possessed apo(a) on the basis of several immunoreactive bands visible on an enhanced Western blot of unfractionated plasma and tissue homogenates with no additional protein characterization (25) . However, we were unable to detect such immunoreactive bands in guinea pig lipoprotein fractions after density centrifugation, nor could we detect evidence of its mRNA in liver, suggesting that the bands originally reported on Western blots might represent cross-reacting plasma and tissue proteins. In contrast, lipoprotein characterization and limited molecular biological data indicate that related forms of apo(a) are widely distributed throughout species of Old World monkeys, great apes, and humans, yet absent from other laboratory species (16 -20) . Doucet et al. (20) were "not able to reproduce . . . the previous report of Lp(a) in the common marmoset, a New World Monkey." results point to the independent creation of an apo(a)-like gene in the hedgehog lineage by remodeling a duplicated plasminogen gene in a way that is distinct from the evolution of primate apo(a).
EXPERIMENTAL PROCEDURES
Protein Analysis-Hedgehog lipoproteins were isolated by ultracentrifugation of 1.5 ml of plasma that had been adjusted to a density of 1.215 g/ml with KBr, size fractionated by electrophoresis in a 5% polyacrylamide gel under nonreducing and reducing (2.5% ␤-mercaptoethanol) conditions along with a sample of reduced human plasma of known apo(a) isoform size, transferred to a 0.45-m nitrocellulose membrane, and immunoblotted using a human anti-Lp(a) antibody (Immuno, Austria) as described in Ref. 26 . Confirmation of the identity of the plasma apo(a) immunoreactive protein with the cDNA was obtained by tryptic peptide sequence analysis. Hedgehog plasma lipoproteins were isolated by density centrifugation and electrophoresed under reducing conditions. The ϳ800,000 Da product ( Fig. 1) was excised from an SDS-polyacrylamide gel and cleaved with trypsin, and three peptide fragments were purified by HPLC and sequenced by the method of Ref. 27 , producing the sequence calls (R/K)GSVAVTVSGHTCQR, (R/ K)EQSPHSHSGTPENYP, and (R/K)NLVGNYCR, which contain only one difference from cDNA sequence.
RNA Isolation and Analysis-Hedgehog (Erinaceus europaeus) livers were obtained postmortem from roadkills donated by St. Tiggywinkles, The Wildlife Hospital Trust, United Kingdom. Total RNA was isolated using the guanidinium isothiocyanate method, and mRNA was prepared using Poly(A)Quick mRNA purification kit (Promega). For Northern blot analysis, samples of 2 g of hedgehog liver mRNA were separated by electrophorephoresis in agarose gel containing formaldehyde; transferred to nylon membrane (Micron Separations, Inc.) as described previously (2); hybridized with a probe containing multiple human apo(a) kringle repeats (6; Ref.
2) in 30% formamide, 5 ϫ SSPE, 5 ϫ Denhardt's solution, 10% dextran sulfate, 0.1% SDS, 100 g/ml salmon sperm DNA at 42°C; and washed at 50°C in 2 ϫ SSC, 0.1% SDS. The blot was then stripped and rehybridized under the same conditions with a 45-base oligonucleotide (GAATCTGGATGGAAACTACTGCCGTAA-CACTGGAGGAGAGGTTGC) specific for hedgehog apo(a) genomic sequence.
Cloning and Sequencing-cDNA libraries were constructed in a ZAPII phage vector (EcoRI/XhoI sites) (Stratagene), both using poly(T) and random primers for the first strand cDNA synthesis, and screened by hybridizing with 6 to obtain hedgehog plasminogen cDNA clones that were excised to Bluescript plasmids and sequenced using the Sequenase version 2.0 DNA kit (U. S. Biochemical Corp./Amersham Corp.). Hedgehog genomic DNA was prepared from the same tissue, size fractionated by agarose gel electrophoresis, and used to construct a genomic library in a DASHII vector (BamHI site) (Stratagene) that was screened by hybridizing with a 605-bp fragment of hedgehog plasminogen cDNA (kringle 2-4; nucleotides 731-1335). Positive clones were isolated, subcloned, and partially sequenced. Hedgehog apo(a) cDNA clones were isolated using the 45-mer oligonucleotide and hybridization conditions of Fig. 2 except that the salt concentration in the wash was 0.2 ϫ SSC. For sequencing, clones were deleted by using an ExoIII/Mungbean deletion kit (Stratagene). Areas of ambiguous sequence were resolved using 7-deaza deoxyguanosine triphosphate and deoxyinosine triphosphate reactions in conditions recommended by vendor. Two overlapping clones provided 9200 nucleotides of sequence. Overlap was confirmed by analysis of a clone which spanned this overlap. The repeated domains present possible ambiguity in the assignment of overlap between clones, and artifactual deletion can occur during any of the stages of cloning and subcloning. These possibilities were reduced by the characterization of several clones and are unlikely to affect the overall conclusion that apo(a) consists of numerous, tandem homologs of plasminogen kringle three. The total number of domains can be reconciled with the size of the message determined by Northern blot hybridization. To confirm the lack of a protease-like domain in hedgehog apo(a), three independent poly(A)-containing cDNA clones were sequenced. Several strategies failed to produce cDNA clones unambiguously containing the 5Ј end of the message, although the size of existing clones and the mRNA size determined from blot hybridization suggests that only several hundred nucleotides remain unaccounted for. Intron locations and sequences were determined following polymerase chain reaction of pooled genomic clones with primers derived from cDNA sequence. Sequences have been deposited in GenBank: hedgehog plasminogen cDNA, U33171; hedgehog apo(a) cDNA, U33170).
Phylogenetic Analysis-Phylogenetic trees were constructed for available sequences of plasminogen and from kringle three domains of plasminogen and hedgehog apo(a) using the DNASTAR Clustal program by the method of Higgans and Sharp (28) . Hedgehog sequences are from this paper; other sequences were retrieved from GenBank and Swiss-Prot 30 data bases.
RESULTS AND DISCUSSION

Hedgehog Plasminogen and Apo(a) cDNA Clones-Human
Lp(a) is a lipoprotein of density between 1.06 and 1.11 g/ml that consists of cholesterol, phospholipids, and two protein moieties, apo(a) and apoB-100, that are disulfide-linked. Laplaud and co-workers (21) reported the isolation of a particle from plasma of the European hedgehog with similar density and electrophoretic characteristics. Similar behavior is seen for a particle derived from the related species of African hedgehog (Fig. 1A) . To investigate the nature of the putative apo(a)-like protein in hedgehogs, we prepared liver mRNA from European hedgehogs. Northern blot hybridization of this RNA with either human plasminogen or apo(a) probes revealed a prominent band at 3 kb, the size of human plasminogen message. However, no higher molecular weight bands indicative of apo(a) mRNA were detected ( Fig. 1B; lane 1) . Hedgehog liver cDNA libraries were constructed and screened with these human probes, and hedgehog plasminogen cDNA was isolated and sequenced. The inferred amino acid sequence of hedgehog plasminogen has 73% identity to the human protein and contains all of the domains and reducing (lane 2) conditions, transferred to nitrocellulose, and exposed to antiserum raised against human Lp(a). Lane 3 is a reduced sample of human plasma with two apo(a) isoforms migrating at 0.92 and 0.96 the rate of apo B-100, whose position, at 550 kDa, is indicated. Hedgehog and human apo(a) share regions of 8 consecutive and 14 of 16 identical amino acids, which could be sites accounting for immunological cross-reactivity. B, hedgehog liver plasminogen and apo(a) mRNA. A fragment of plasminogen cDNA detects the 3-kb hedgehog plasminogen mRNA (lane 1), while a 45-base oligonucleotide derived from hedgehog apo(a) genomic sequence hybridizes to a major band at 10 kb and a weaker a band at 12 kb by Northern blotting. By analogy to the human case, the bands are likely to represent the two alleles of the apo(a) gene in this individual animal, which differ in expression level as well as size (due to differences in number of tandemly repeated kringle domains). It should be noted that, due to import restrictions, A and B represent samples from different animals, A being derived from plasma of an African hedgehog and B from liver RNA of a European hedgehog.
of its human counterpart, the activation peptide, kringles 1-5, and the protease.
Failure to detect hedgehog apo(a) mRNA or cDNA clones could have been due to a nonhepatic site of synthesis, low expression in some animals or, low homology to probes used. We also considered the possibility that a distinct apo(a) did not exist in hedgehogs but that its plasminogen could bind to low density lipoprotein and produce the type of particle that had been observed. The strategy of screening genomic, rather than cDNA, libraries circumvented some of these potential pitfalls. Genomic DNA libraries were constructed and screened with a kringle 2-4 fragment of hedgehog plasminogen cDNA at reduced stringency. Two types of clones were isolated, those containing DNA sequence that precisely matched that of hedgehog plasminogen cDNA and clones with related, but distinct sequence. A 45-base oligonucleotide designed to be specific to the latter gene detected bands of 10 and 12 kb on a Northern blot containing hedgehog liver RNA (Fig. 1B; lane 2) This pattern resembles that found with human liver RNA samples that show up to two distinct apo(a) transcripts, ranging from about 7-12 kb, due to differing expression levels and size of apo(a) alleles, respectively.
Use of this oligonucleotide probe allowed isolation of hedgehog liver cDNA clones that encode an apo(a)-like protein (Fig.  2) . (Although not an exact replica of human apo(a), we shall heretofore refer to the hedgehog analog as "apo(a)," rather than "apo(a)-like," for convenience.) Sequence analysis of two large overlapping clones revealed the presence of 31 tandem "kringle" domains that contained pairwise nucleotide identity ranging from 74 to 100%. Unlike human apo(a), hedgehog apo(a) clones lack a protease-like domain. Comparison of nucleotide and translated amino acid sequences reveal that all of the hedgehog apo(a) domains far more closely resemble kringle three of hedgehog plasminogen than any other of its other plasminogen kringles. The translated amino acid sequences of hedgehog apo(a) kringles (defined as the region bounded by its six cysteines) have 69 -78% amino acid identity to hedgehog plasminogen kringle three; no gaps are required in the alignment. This compares to amino acid identity of only 51-54% with the other kringles of hedgehog plasminogen. The similarity to non-plasminogen kringle domains in the data base is also significantly lower. The identity of cloned cDNA and the plasma protein was confirmed by limited amino acid sequencing. After isolation by density centrifugation followed by gel electrophoresis, the protein was cleaved with trypsin, and three fragments were iso- The underlines below the consensus sequence show where direct peptide sequence was obtained, with only one discrepancy from cDNA predicted sequence. Arrows above the top line point to the location of introns in the hedgehog apo(a) and plasminogen genes. While the second two introns are in identical locations in the two genes, the first intron is located in the codon immediately preceding position one (Q) of hedgehog apo(a) but is 10 codons further upstream in the hedgehog plasminogen gene. The phase of the introns between the two genes is conserved. The initial residues of the mRNA were not contained in cDNA clones. As occurs in the case of human apo(a), we have noted individual variation in the size of hedgehog apo(a) isoforms by Western blot analysis of seven animals (data not shown).
lated by HPLC and sequenced. Peptide sequence of 16, 15, and 9 residues matched the predicted cDNA sequence with only one apparent discrepancy (See Fig. 2 and "Experimental Procedures").
Sequence/Structure Comparison of Hedgehog and Human Apo(a)-
We propose that twice in the course of evolution, a duplicated plasminogen-like gene has evolved independently into the present types of apo(a) genes found in hedgehogs and in "higher" primates. DNA sequence duplication has been a fertile process for the generation of novel genes and gene segments. A large percentage of eukaryotic genes belong to related gene families. Plasminogen and apo(a) are part of the well studied "super-family" of trypsin-like proteases of the coagulation and fibrinolysis systems (29 -31) . Proteins originally placed in this grouping are protease zymogens that contain catalytic domains resembling the serine protease trypsin, preceded by various combinations of structural domains of types known as kringles, calcium-binding domains, fibronectin fingers, and epidermal growth factor domains. Now included in this superfamily are proteins with no catalytic activity, such as hepatocyte growth factor and macrophage stimulating protein. Apo(a) is a close relative of plasminogen in this grouping. The human apo(a) gene resembles human plasminogen in its 5Ј-flanking, untranslated region and signal sequence, with multiple copies of kringle four-like and single kringle five-like and protease-like domains plus a related 3Ј-untranslated region (2) . (Identity between the two human genes ranges from 75 to 100% in various domains.) In contrast, the hedgehog apo(a)-like gene has likely derived from a plasminogen gene copy by elimination of all structural domains except kringle three, which has undergone extensive duplication and sequence modifications that confer some properties in common with its human counterpart (Fig. 3) .
To our knowledge, this represents the only example of the independent, parallel evolution of a similar protein more than once. Although the human and hedgehog apo(a)-like proteins are not identical, they share several common attributes. Each contain numerous copies of kringle domains and forms a covalent complex with apoB-100 in a circulating Lp(a) lipoprotein particle of density ϳ1.07 g/ml. Since virtually all apo(a) in humans is linked to apoB-100 in lipoprotein particles, this linkage is presumed to be a key to its function. Interestingly, a scenario can be proposed by which this linkage arose in complementary fashion in the human and hedgehog versions of the gene. Human apo(a), which is not in itself lipophilic, forms a disulfide bond to the lipid-associated apoB-100 using the unpaired cysteine of its only kringle, which contains seven rather than six cysteines. Human apo(a) consists of multiple kringles derived from plasminogen kringle four, which contains six cysteine residues. It acquired a single unpaired seventh cysteine in only its penultimate kringle four homologue, which fulfills the cross-linking function. In contrast, hedgehog apo(a) derived from repeated plasminogen kringle three domains, which contain seven cysteine residues. Subsequently, this extra cysteine was apparently lost from all but one of its multiple kringle domains (Fig. 2) . Since the cysteine residue at this location in plasminogen kringle three forms a disulfide bond with an unpaired cysteine in kringle two, this cysteine in the last kringle domain of hedgehog apo(a) is likely to be at a surface and available for covalent bonding. We can speculate that the retention of the unpaired cysteine in one kringle proved useful for binding to a target protein, but there was selective pressure to eliminate the seventh cysteine from the other kringle copies as they multiplied to avoid the formation of internal cross-linking and interprotein polymerization.
Another salient property of human apo(a) is its ability to bind to substrates shared by its plasminogen homologue, yet not to function as an activable plasmin-like protease itself. Rouy et al. (32) demonstrated that hedgehog Lp(a) binds to lysine and to immobilized fibrin surfaces and in the presence of tissue plasminogen activator, inhibits the binding and activation of plasminogen. The fibrin binding of human plasminogen kringle four and human apo(a) occurs via a lysine binding site comprising a trough lined by three aromatic residues flanked at one end by two cationic and at the other end by two anionic residues (33) (34) (35) (36) (Fig. 4) . (These sites may also be involved in binding of human apo(a) to other extracellular and cell surface targets.) The reported binding of hedgehog Lp(a) to lysine (32) could be accounted for by the conserved residues located at corresponding positions in the kringles of hedgehog apo(a). Perhaps significantly, these residues are conserved in hedgehog apo(a) and hedgehog plasminogen kringle three (with one Phe to Tyr substitution), while in human plasminogen kringle three, two nonconservative differences from the binding site motif (Phe to His and Asp to Lys) exist (Fig. 4) . Hence it could be speculated that while hedgehog plasminogen kringle three could readily serve as a precursor for the evolution of fibrinbinding apo(a) kringles, it would have been more difficult to convert human plasminogen kringle three to such an activity. 3 . Scenario for the independent evolution of human and hedgehog apo(a) genes. The sequences of plasminogen and hedgehog and human apo(a) cDNA are compared. The sequences are divided into domains, and the percentage of nucleotide identity is shown between the corresponding multiple kringle domains of hedgehog apo(a) and hedgehog plasminogen and between human apo(a) and human plasminogen. The data suggest that hedgehog apo(a) derived from a plasminogen gene by elimination of all but the kringle three-like domain, followed by extensive multiplication of this 279-base domain and limited base substitutions, including loss of the "seventh cysteine" of kringle three in all but the last copy. In contrast, human apo(a) has retained the kringle five and protease domains of plasminogen and multiplied the 342-base domain of kringle four, while acquiring a seventh cysteine in only the next to last of the repeated domains. This one unpaired cysteine (indicated by asterisk) is responsible for the binding of human apo(a) to apoB-100 and is postulated to be the case for the hedgehog protein. The human sequence data is from Ref. 2.   FIG. 4 . Lysine binding pockets. The top two rows show the amino acids that comprise the known lysine binding pocket of human plasminogen kringle four and the 37th kringle four-like repeat of human apo(a), its major lysine binding kringle (33) (34) (35) (36) . They are grouped into the two cationic, three neutral aromatic, and two anionic amino acids that form the binding site. Numbers below indicate amino acid positions as numbered in Fig. 2 . At corresponding positions in sequence alignment, numerous hedgehog apo(a) kringles and hedgehog plasminogen kringle three have the conservatively altered sequences shown in rows three and four. In contrast, human plasminogen kringle three (bottom row) contains differently charged histidine and lysine residues at corresponding locations. We speculate that the hedgehog plasminogen gene offered potential lysine binding kringles for apo(a) from its third kringle domain, while during evolution of the human type of apo(a), plasminogen kringles one or four were more amenable substrates than kringle three.
Perhaps the most notable feature of apo(a) kringles is their sheer multiplicity, occurring in both hedgehog and human proteins. The adaptive value of multiple kringle domains for apo(a) is unknown, but the fact that human apo(a) isoforms appear to have 12 or more kringles suggests that there might be a minimum functional requirement. Electron microscopy and velocity centrifugation indicate that human apo(a) can extend in a loose coiled fashion away from the spherical lipoprotein particle (37, 38) . This may allow for noncovalent capture of extended target sites such as other apoB-containing particles (39) or multiple sites on fibrin or other matrix macromolecular complexes. This could serve to increase the concentration of lipids at target sites or to increase binding avidity.
Proteolytic activity is not a vital part of the function of this member of the protease superfamily, and its very absence may have been adaptive. Examination of the original sequence of human apo(a) cDNA suggested lack of such activity. Key differences from plasminogen sequence were noted, and the recombinant protein was shown to lack plasmin-like catalytic activity (2) (although non-plasmin-like catalytic activity has been proposed by one group, Refs. 40 and 41). Sequence analysis of rhesus monkey apo(a) showed that it has eliminated the catalytic triad of this domain (16) , while comparison of the rhesus and human sequences showed that the protease domain has accumulated changes at all codon positions at the same rate, as would an inactive pseudogene (42) . Now we find that apo(a) appears to function in hedgehogs with no trace of a catalytic domain.
Multiple Duplications of the Plasminogen Gene-It is noteworthy that the duplication events that produced the plasminogen and apo(a) gene pair produced additional paralogous genes as well. In humans, the apo(a) and plasminogen genes are separated by about 50,000 base pairs on chromosome 6, and are flanked by two other extremely similar genes or pseudogenes, while three other related homologs are on other chromosomes (43) (44) (45) (46) (47) . One of these linked genes encodes a protein containing only a secretion signal and one kringle (47) . Although no function has yet been ascribed to a protein comprised of only kringles, the recent finding that the kringle one-four fragment of plasminogen has potent antiangiogenic and antimetastatic activity forces consideration of novel activities of kringles (48) . Hedgehogs also contain additional close relatives of apo(a) and plasminogen. In the course of the current studies, we isolated and partially sequenced two unique hedgehog cDNA clones that encode five and seven kringles, respectively, following signal and activation peptide domains similar to hedgehog plasminogen. Their kringles have 60 -75% nucleotide identity to hedgehog plasminogen and apo(a) and hybridize to bands of 2.0 and 2.5 kb in Northern blots (data not shown). They may correspond to the two hedgehog plasma proteins of smaller molecular weight than plasminogen that were shown to bind lysine-Sepharose by Rouy et al. (32) .
To recapitulate, human and hedgehog apo(a) have apparently evolved independently by remodeling different parts of a copied plasminogen gene. No piece of plasminogen is shared by the two forms of apo(a). Convergent evolution has endowed both incarnations of apo(a) with many tandem copies of kringle domains, the ability to form a complex with apoB-containing lipoproteins, lysine and fibrin binding capability, competitive inhibition of plasminogen activation, and lack of plasmin-like proteolytic activity. Several types of analysis indicate that the original duplication of genes, which led the present plasminogen and apo(a) genes of hedgehog, may have occurred in the distant past. A relationship tree of kringle three domains reveals one major branch for the plasminogens of cow, pig, human, rhesus, mouse, and hedgehog and a separate branch for the apo(a) kringles (Fig. 5B) . If the two genes have evolved at similar rates (as shown in the primate case (42)), this implies that the gene duplication giving rise to the ancestor of the hedgehog apo(a)-like protein preceded the divergence of these mammalian species. Consistent with ancient divergence is the observation that the high degree of synonymous nucleotide substitutions, which are roughly similar (and nearly saturated) when comparing hedgehog plasminogen to hedgehog apo(a) (54%) or hedgehog plasminogen kringle three to human plasminogen kringle three (55%). Finally, we analyzed intron sequences of hedgehog apo(a) and plasminogen genes obtained by polymerase chain reaction and found that beyond the immediate vicinity of splice junctions they are so divergent as to prevent meaningful sequence alignment. In contrast, some genes retain intron sequence conservation between mouse and humans (49) . Hence the "hedgehog type" of apo(a) may have a long history and not be restricted to this species. A systematic search among other related animals now appears appropriate.
A Novel Type of Convergent Evolution-There are several definitions of "convergent" evolution at both anatomical and molecular levels (50, 51) . There are instances of mechanistic convergent evolution of protein features, such as the gathering in the same geometry of the catalytic triad of chymotrypsin and subtilisin, although the three-dimensional structures of the two proteases are completely different (51) . Another kind of convergence is the use of unrelated proteins to carry out similar functions, such as the formation of insoluble protein polymers for clotting in vertebrates (fibrin) and invertebrates (coagulogen). These examples demonstrate the ability of evolution to utilize precursor genes and proteins of different stock to solve similar biological problems. There are a few known cases where the same protein has been independently "remodeled" for similar function. Lysozyme functions in an unusually acidic envi- ronment in the two groups of species that have independently evolved forgut fermentation, ruminants such as cows, and colobine monkeys such as langurs. Stewart and Wilson (52) found that four amino acids are uniquely shared in lysozyme from these species, compared with others, and that some of these substitutions contribute to a better performance of the enzyme at low pH. The epidermal protein involucrin provides an example where different portions of an otherwise well conserved protein have expanded in humans and in lemurs to serve as substrate for transglutaminase cross-linking (53) . The most parsimonious scenario for the occurrence of apo(a)-like proteins in hedgehogs and primates, but seldom if ever elsewhere, is that an entire large gene of similar sequence and function evolved independently at least twice. The existence of several paralogs of the plasminogen gene may be a common feature of many species. One such gene may have multiplied kringle three-like sequences and accumulated key substitutions to become the present hedgehog apo(a) gene. It may exist in other living species, but it has not been detected as yet. In addition, a plasminogen paralog multiplied kringle four domains and retained single copies of kringle five and protease domains to produce the kringle four-based apo(a) found in Old World monkeys, apes, and humans. Although not strictly the result of convergent evolution without benefit of a common sequence ancestor, primate and hedgehog apo(a) represent a remarkable case of independent, parallel gene assembly, utilizing a common genetic precursor, the plasminogen gene.
